Although vaccinia virus (VACV) was once used as a vaccine to eradicate smallpox on a worldwide scale, the biological origins of VACV are uncertain, as are the historical relationships between the different strains once used as smallpox vaccines. Here, we sequenced additional VACV strains that either represent relatively pristine examples of old vaccines (e.g., Dryvax, Lister, and Tashkent) or have been subjected to additional laboratory passage (e.g., IHD-W and WR). These genome sequences were compared with those previously reported for other VACVs as well as other orthopoxviruses. These extant VACVs do not always cluster in simple phylogenetic trees that are aligned with the known historical relationships between these strains. Rather, the pattern of deletions suggests that all existing strains likely come from a complex stock of viruses that has been passaged, distributed, and randomly sampled over time, thus obscuring simple historical or geographic links. We examined surviving nonclonal vaccine stocks, like Dryvax, which continue to harbor larger and now rare variants, including one that we have designated "clone DPP25." DPP25 encodes genes not found in most VACV strains, including an ankyrin-F-box protein, a homolog of the variola virus (Bangladesh) B18R gene which we show can be deleted without affecting virulence in mice. We propose a simple common mechanism by which recombination of a larger and hypothetical DPP25-like ancestral strain, combined with selection for retention of critically important genes near the terminal inverted repeat boundaries (vaccinia virus growth factor gene and an interferon alpha/beta receptor homolog), could produce all known VACV variants.
T
he Orthopoxvirus genus encompasses many immunologically related poxviruses, which vary greatly in their capacity to infect different hosts. Of these, cowpox virus (CPXV) probably exhibits the greatest genetic diversity and a broad host range, while variola virus (VARV), which causes smallpox, exhibits relatively little genetic variation and naturally infects only humans. The CPXV group comprises at least 5 subtypes (1) , and these encode all of the genes present in all other orthopoxviruses. This has led to the suggestion that gene loss has played an important role in Orthopoxvirus evolution and that ancestral CPXV-like strains have evolved into all of the modern orthopoxviruses through "reductive evolution" (2, 3) .
The relationships between orthopoxviruses are important because in the late 18th century, Edward Jenner showed that humans could be vaccinated against a smallpox challenge by using material extracted from a cowpox lesion, a process far safer than the existing practice of variolation with VARV (4, 5) . In the years that followed, and prior to the advent of modern in vitro culture methods, the various inocula used as vaccinating agents were distributed around the world while being repeatedly passaged in humans and amplified in animals. This generally involved virus culture on the skin of cows, rabbits, or sheep, but donkeys and chicken eggs were also sometimes used (6) . During this era, it is now recognized that passage through different hosts would likely have attenuated these agents, and viruses causing less adverse side effects in humans were also likely to have been retained for use as future stocks (7) , but how these interventions might have affected virus evolution is unknown. Curiously, the virus that was eventually used to eradicate smallpox was one now called vaccinia virus (VACV), another orthopoxvirus but one that is clearly different from any known strain of CPXV. The biological origin of VACV is uncertain, although it has been suggested that a horsepox-like virus was an ancestor, even though a surviving horsepox virus (HPXV) ge-nome harbors many extra genes (8) . This hypothesis is supported by Jenner's report that he obtained his later inocula from an infection in horses called "grease" (5) .
During the period when VACV was being grown and distributed for use as a smallpox vaccine, it acquired many different names that reflect the country or health agency involved in its propagation (9) . In many cases, these viruses became linked to geographical regions. The New York City Board of Health (NYCBH) strain was originally transported from England in 1856 and was later widely used in the United States and West Africa. A Russian strain, EM-63, was also (probably) derived from NYCBH by a circuitous route. Europe used many different strains, including Lister, Bern, Paris, Copenhagen, Tashkent, and Ankara, while the TianTan and Ikeda strains were used in China and Japan, respectively (9) . Interestingly, viruses related to VACV continue to evolve in wild habitats, including South American cattle (10) and Southeast Asian water buffalo (11) . This has led to speculation as to whether these are escaped human vaccine strains (12, 13) . The historical records suggest that the different smallpox vaccines also varied greatly in virulence, a feature that is still poorly understood.
Some of these VACV strains have been sequenced entirely, and these data can provide valuable insights into the historical relationships between viruses and virus strains. Perhaps more importantly, the selection for less virulent but still effective vaccines over ϳ200 years of virus propagation could provide unique insights into which Orthopoxvirus genes affect pathogenicity in humans. The most common differences that are detected by sequencing are single nucleotide polymorphisms (SNPs) and small insertions and deletions (indels), although these mutations accumulate in such great numbers that they provide few insights into the deeper elements of virus phylogenies. Comprehensive analyses of these genomic changes that lead to gene truncation and fragmentation can sometimes detect remnants of the evolutionary process still present in orthopoxvirus genomes (14) . Large deletions and other kinds of genome rearrangements are also commonly detected (15, 16) , especially around the terminal inverted repeats (TIRs) (17) , and can significantly affect the lengths of VACV genomes. They can also alter the number of duplicated versus unique genes and can be associated with reduced infectivity and pathogenicity (16, 17) . Because these larger rearrangements are less common and not readily obscured by sequence drift, they provide a more useful tool than SNPs for studying deeper evolutionary relationships between viruses. In some rare cases, one can also detect evidence of horizontal gene transfer between related orthopoxviruses, including two CPXV-like genes in VACV strain Lister (18) and a small region of sequence encoding HPXV-like SNPs in a Dryvax subclone (DPP17) (19) . It was once common practice to periodically cocultivate smallpox vaccine strains with other viruses, including VARV (20) so as to "refresh" vaccine efficacy. Such activities could have produced recombinants between related orthopoxviruses.
Although a virus resembling HPXV is often assumed to be ancestral to VACV, the evolutionary path(s) from CPXV-like and HPXV-like viruses to VACV is unclear, as are the relationships between the many VACV strains. Using new and existing data obtained from whole-genome alignments between different VACVs, we describe here some probable routes by which the extant VACV strains can be related and how they might have evolved from a stock of virus containing a hypothetical HPXV-like ancestral strain. This approach has identified a gene, designated DVX_213, that seems to have been subject to widespread negative selection in VACV strains. However, the reasons for it being lost are not easily explained by DVX_213 being a virulence factor, as deleting it does not affect virulence, at least in mice.
MATERIALS AND METHODS
Viruses and cells. Our VACV International Health Department-White (IHD-W) stock came originally from the collection of Sam Dales and is derived from the IHD-J (Japan) strain. Strain Tashkent was obtained from Geoff Smith, and strain Lister was purchased from the ATCC, along with Western Reserve (WR). Cowpox virus was obtained from M. Barry, and strain Copenhagen came originally from the collection of E. Paoletti. The Dryvax clones were described previously (19) . Viruses were propagated on monkey kidney epithelial (BSC-40) cells in modified Eagle's medium supplemented with 5% fetal bovine serum, 1% nonessential amino acids, 1% L-glutamine, and 1% antibiotic at 37°C in a 5% CO 2 atmosphere. To clone the viruses, BSC-40 cells were grown to 80% confluence in 24-well plates and then infected at a multiplicity of infection of ϳ1 PFU/well in phosphate-buffered saline (PBS) for 1 h at 37°C. The inocula were replaced, and the viruses were cultured for 3 days and then harvested from wells containing only one plaque. Each virus was cloned twice more by limiting dilution, as described above. The clones that were eventually sequenced were designated DPP25 (Dryvax clone 25), TKT1 to TKT4, IHD-W1 to IHD-W3, and WR72.
Viral sequencing, data analysis, and annotation. Each purified virus was cultivated on BSC-40 cells and purified by centrifugation through sucrose gradients (21) . The DNA was extracted, and 500 ng of each virus DNA was sequenced by using a Roche 454 GS Junior system. Contigs were produced by using GS De Novo Assembler, and CLC Genomics Workbench 6 was used to complete the assembly of nearly full-length genomes. Roche 454 sequencers have difficulties in sequencing homopolymer runs. Any such conflicts between the reference sequences and our assemblies were generally assumed to be 454 errors, although PCR and Sanger sequencing were also used to verify some sequences. Bioinformatics analyses were performed by using Viral Genome Organizer (22, 23) and Viral Orthologous Clusters (24, 25) (http://www.virology.ca/). LAGAN (26) (http://lagan.stanford.edu) was used to produce multiple-genome alignments, and Base-by-Base (27) was used to check the alignments. To explore virus phylogenies, 98.8 kb of conserved DNA sequences (spanning the genes DVX_058 to DVX_155) was extracted from the multiple-genome alignment and analyzed with the Recombination Detection Program (RDP) (28), using 1,000 bootstrap replicates. JDotter was used to make dot alignments (29) . The Genome Annotation Transfer Utility (GATU) (30) was used to transfer a reference annotation to our virus genome sequences, and Artemis (31) was used to visualize and edit the annotation. Table 1 lists the VACV genomes produced and/or cited in this study.
Construction of mutant viruses. Homologous recombination was used to delete the DVX_213 gene from VACV strain DPP25. PCR was used to amplify 350 bp of sequence flanking the left side of the DVX_213 locus, and the DNA was cloned into plasmid pDGloxPKO DEL (32) by using HindIII and SalI sites. The PCR primers were 213 left F (5=-AATT AAGCTTGCTGTGTCAACGTCATTAT-3=) and 213 left R (5=-TAGTGT CGACCGCGTATCTTCATCCATT-3=). A PCR product encoding 410 bp of sequence to the right of DVX_213 was also amplified by using primers 213 right F (5=-TAATGCGGCCGCTCTGACTAATGCCGTCCT-3=) and 213 right R (5=-ATTATAGATCTCCTTAATTTCTTCTCCATCTCC-3=) and cloned into the targeting vector by using NotI and BglII sites. The vector (pDGloxP-DVX213KO) was then linearized with EcoRI and transfected into BSC-40 cells infected with VACV strain DPP25 at a multiplicity of infection (MOI) of 2. Mycophenolic acid-resistant (recombinant) viruses were isolated by using three rounds of liquid selection and four rounds of plaque picks. The resulting virus was called DPP25⌬213.
Animal studies. Four-week-old female BALB/c mice were obtained from Charles River Laboratories. Each mouse was inoculated intranasally with 10 l of PBS containing 10 7 PFU of purified virus or 10 l of PBS alone. The body weights were recorded every day over a 1-month period, with any mouse being euthanized if it lost Ͼ30% of its body weight. All of these experiments were performed according to policies established by the Canadian Council on Animal Care and were approved by the University of Alberta Animal Care and Use Committee.
Nucleotide sequence accession numbers. The data reported in this study have been deposited in the GenBank database under accession numbers KJ125438, KJ125439, KM044309, and KM044310.
RESULTS

DPP25 sequencing and annotation.
Dryvax is an old nonclonal smallpox vaccine that comprises a "swarm" of many different VACV substrains and which we had previously classified into four subgroups according to genome structure analysis (19) . One of these subgroups was discovered previous to our investigations and is represented by a strain called Acambis clone 3 (CL3). It is of special interest because CL3 is reported to have been more virulent than other Dryvax clones (33) . Using PCR primers that target sequences found only in CL3, we identified another related virus clone, which we have called DPP25 (Table 1) . DPP25-like viruses comprise Ͻ1% of the viruses in a Dryvax stock and contain a 1.1-kbp segment harboring open reading frames (ORFs) DVX_214 to DVX_216, which are not found in any other VACV except strains CL3 (33) and HPXV (19) . To gain a better understanding of the relationship between DPP25 and CL3, we sequenced DPP25 and deposited the data in the GenBank database under accession number KJ125438. This sequencing confirmed that DPP25 shares the same genome structure as CL3, although the two viruses can be distinguished by the many SNPs that differentiate all Dryvax clones. To facilitate a comparison of different VACV strains, we created a synthetic genome, called "DVX," by merging the DPP25 sequence (which encodes the greatest amount of unique VACV sequence) with that of DPP15 (encoding the longest terminal inverted repeats among the Dryvax clones [19] ). The relationship between DPP25/CL3 and other VACV strains is explored in greater detail below. The many different ways in which VACV genes are annotated make it difficult to understand the discussions that follow. Table 2 provides a mapping of the different gene names and numbers of different VACV strains, although we have limited the listing to the telomeric genes that are most germane to these analyses.
IHD-W sequencing and annotation. As we were exploring the links between VACV strains, we discovered that the sequence for strain IHD-W (GenBank accession number KC201194) lacks the right TIR region. (For simplicity, we refer to this sequence as IHD-W0, to differentiate it from IHD-W clones in general.) To address this problem, we isolated three different IHD-W clones from a laboratory stock and sequenced them. All three clones were nearly identical. Consequently, we annotated only one of them (IHD-W1) and deposited the data in GenBank under accession number KJ125439. A feature of IHD-W strains is that they form comet-like plaques due to a K151E substitution mutation in the DVX_168 (Cop A34R) gene (34) . Indeed, our IHD-W clones also exhibited this phenotype and encode the K151E mutation, confirming that the virus is likely of IHD-W origin.
The IHD-W1 strain still appears to come from another swarm of viruses, as do the Dryvax and TianTan clones that we have previously characterized. Previous studies have found that most of the small indels in VACV are associated with repeats, and this theme was seen again here (19, 35) . For example, Sanger resequencing confirmed that, relative to the previously reported IHD-W0 strain sequence, our IHD-W clones encode a frameshift in the DVX_176 (A40R) gene (36) . This is caused by an A inserted into an A 5 patch (Fig. 1A) . We also noted an AT insertion in an (AT) 3 patch in the DVX_124 (D8L) gene (37, 38) and an AC insertion in an (AC) 2 patch in the DVX_192 (A56R) gene ( Fig. 1B and C). The A56R gene encodes the VACV hemagglutinin (HA) and serves a variety of functions (39) (40) (41) . Interestingly, the IHD-W strain was reported to be HA negative due to a 2-nucleotide (AC) insertion into A56R (42) and to form syncytia in infected cells (43) . We observed this mutation in our IHD-W strains, although it is not reported in the published sequence (Fig.  1C ). Whether these mutations have any collective influence on virus growth remains to be investigated.
Tashkent sequencing and annotation. Tashkent is an old VACV strain that caused such a high frequency of adverse effects that its use as a smallpox vaccine was discontinued. We sequenced four clones isolated from a stock provided by G. Smith and assembled and annotated two of them (TKT3 and TKT4 [GenBank accession numbers KM044309 and KM044310, respectively]). Both viruses are similar but not identical. Compared to TKT3, the TKT4 viral genome encodes 8 small indels and 35 SNPs and lacks two 427-bp fragments (containing sequences homologous to DVX_005) within its TIRs. When one uses DPP25 as a reference, a number of deletions are detected in these strains, which are discussed in detail below. Another interesting feature of the Tashkent clones is that they carry several intact genes that likely affect virulence. For example, only a limited number of VACV strains (e.g., Lister, some TianTan, and a few Dryvax clones) harbor a functional copy of A53R (CrmC, a soluble tumor necrosis factor [TNF] receptor), whereas this gene is intact in TKT3 and TKT4. We noted that Tashkent also harbors a complete C4L gene (an NF-B inhibitor [44] ), which is absent in CVA strains and all known Dryvax strains.
Relationship between Dryvax and IHD-W clones. The VACV IHD-W strain is derived from VACV strain IHD-J, which was cloned in Japan by Y. Ichihashi and first described in 1971 (43; H. Shida and S. Dales, personal communication). In turn, strain IHD-J comes from a stock called "International Health Department," which was derived by passage of the VACV New York City Board of Health (NYCBH) strain through 51 rounds of intracerebral infection in mice followed by four passages on egg chorioallantoic membranes. Thus, this new IHD-W1 sequence provided a useful tool for testing how VACV sequences might drift over the course of continued passage in different laboratories, since the IHD strains and the Dryvax strains share an ancestor, the NYCBH strain.
As an initial test of the methods available for comparing virus genomes, we used dot matrix analysis (45) to identify any major sequence differences between the IHD and Dryvax strains. When we compared IHD-W1 to DPP25, the only notable difference was a 2-kbp insert near the right TIR, noted above, and found only in VACV strains DPP25 and CL3 ( Fig. 2A, arrow) . This sequence is also missing in DPP13, a much more common type of clone isolated from the same Dryvax stock as DPP25 (Fig. 2B, arrow) , and if one compares DPP13 with IHD-W1, one can see that the two genomes are essentially identical (Fig. 2C) . We also compared our IHD-W1 sequence with the one previously reported for IHD-W0. Aside from a computational artifact caused by the missing portion of the right TIR sequence, we also detected a 4.9-kb deletion spanning the ATI gene in IHD-W0 (Fig. 2D, arrow) . This seems to be a unique feature of this particular clone, as further PCR testing confirmed that the ATI gene predicted from sequencing is present in our IHD-W stock. The several critical genetic differences between our IHD-W clones and the one sequenced previously raised some concerns that these strains might have been mixed up at some point in their history. However, we also used ϳ100 kbp of sequences derived from the conserved regions bounded by DVX_058 to DVX_155 (Cop F9L to A24R) and assembled a number of phylogenetic trees (see below). These methods clearly clustered all four IHD-W clones into one very short branch in all three trees (see Fig. 4 ). The VACV ATI gene seems to be a "hot spot" for mutation, with different deletions also being detected in VACV strains as diverse as Copenhagen (46), buffalo poxvirus (11), and Belo Horizonte virus (47) . It seems that some IHD-W clones encode an ATI mutation as well. These initial comparisons showed that VACV genomes can retain a common global structure over the course of extended passage in different laboratories. However, one can detect idiosyncratic patterns of mutation (e.g., repeat-induced frameshifts and ATI mutations), and determination of the relatedness between strains thus requires a variety of methods of analysis. Bearing this point in mind, we then examined the relationships between DPP25 and other less-well-connected and/or -related VACV strains.
Relationship between Dryvax and Tashkent clones. Four large deletions are detected in the Tashkent clones relative to DPP25 (Fig. 2E, deletions 1 to 4) . The first deletion spans DVX_007 to DVX_013 (6.1 kbp), and the same deletion is seen in strain WR. The second deletion spans DVX_016 to DVX_025 (3.7 kbp) and is identical to the one found in Copenhagen. The third deletion spans DVX_213 to DVX_216 (3.5 kbp) and overlaps both sides of a 2-kbp deletion detected in strain WR (see Fig. 6 ). Tashkent retains the joint connecting DVX_216 to DVX_013, suggesting that the 2-kbp deletion characteristic of the DPP13/ IHDW1/WR group has undergone some expansion. In addition, all of the Tashkent clones share a fourth unique 1.3-kbp deletion at their right TIRs (DVX_231-232). As noted above, relative to TK3, TKT4 also lacks a 427-bp fragment (homologous to DVX_005) within its TIRs (Fig. 2F, arrow) .
Relationship between DPP25 and horsepox virus. An important aspect of poxvirus evolutionary modeling concerns the hypothesis that as viruses spread into new biological niches, the process of speciation appears to be associated with gene loss (3) . If this is true, then the simplest evolutionary scheme would involve a DPP25-like virus evolving from an even larger virus. Horsepox virus (HPXV) is the largest known example of what is still clearly a vaccinia virus, if one defines this assignment based upon a relationship supported by phylogenetic trees, and perhaps retains some resemblance to a hypothetical common ancestor. By using a dot matrix plot, it can be seen that HPXV and DPP25 share the same gene content and gene order from DVX_014 (vaccinia virus growth factor) to DVX_213 as well as from ORFs DVX_214 to DVX_216 (containing fragments of a Kelch-like protein) (Table 3) . However, DPP25 also encodes duplicated segments of DNA bearing the genes DVX_010 to DVX_013 in both the right and left TIRs, whereas this sequence is found only in the right end of HPXV (Fig. 3A, deletion 3) . Compared to HPXV, DPP25 also bears a 10.7-kbp deletion near the left TIR boundary and a 5.5-kbp deletion near the right TIR boundary (Fig. 3A, deletions 1 and 2, respectively) . (The 5.5-and 10.7-kbp deletions differentiate HPXV from all other vaccinia virus strains and are discussed in greater detail below.) Collectively, these data suggest that DPP25/CL3 shares a unique sequence with HPXV, located near the right TIR boundary, but that the overall genome structures have been impacted by events that have changed the location of the TIR boundaries, inverted and duplicated sequences now located in the TIRs, and deleted two large segments of DNA.
Relationship between DPP25 and other extant VACV strains. Dot matrix comparisons of DPP25 with other VACV strains detect an array of both simple and more complex sequence rearrangements. For example, the genomes of rabbitpox virus (RPXV) and VACV strain Copenhagen are colinear with DPP25. However, RPXV is differentiated from DPP25 by a single 3.3-kbp deletion (Fig. 3E, deletion 1) , whereas Copenhagen exhibits three deletions of 3.7, 4.1, and 5.7 kbp (Fig. 3D, deletions 1 to 3, respectively) . The rightmost of these deletions again spans ORFs DVX_214-216 and DVX_013 in RPXV and then further extends into DVX_213 and DVX_012 in Copenhagen.
In contrast, it is more difficult to relate DPP25 to viruses such as TianTan, CVA, and Lister (Fig. 3F to H) . We found one region in the right-hand termini bearing two different sequences in each dot plot. When we compared DPP25 to CVA, we observed a 3.6-kbp fragment (DVX_019-014) being replaced by a 3.4-kbp fragment (DVX_213-216) in DPP25. Similarly, when we compared DPP25 to Lister, we observed an expansion of a 1.7-kbp fragment into a 9.3-kbp region in DPP25. Finally, comparison of DPP25 with TianTan (TP5) showed a 2.3-kbp substitution of DVX_014-014 in TP5 with a 2.4-kbp segment in DPP25 (DVX_213-216). Although there has been a complex pattern of genome rearrangements in the region near the right TIR boundary, a common theme is that one detects variably sized deletions spanning DVX_211 to DVX_214-216 and into DVX_012.
Although WR is the accepted VACV reference strain, in hindsight, the choice might have been unfortunate due to the complexity of the rearrangements that it appears to have suffered relative to other VACV strains. Compared to DPP25, dot plot analysis detected a 6.1-kbp (DVX_007-013) deletion in the WR left TIR and a 2-kbp deletion in right end of the WR genome. In addition, WR encodes a translocation that inserted 3.0 kbp of sequence comprising DVX_018-014 after DVX_013-012 (Fig. 3B, deletion  4) . WR is the only VACV bearing this translocation, which complicates comparisons with other strains.
VACV phylogenetic trees. We next examined the phylogenetic relationships between these viruses. Different Dryvax genomes encode a widely distributed scattering of polymorphic sites, showing that no one virus can properly represent an entire stock (19) . Depending upon the method used, these analyses can also produce different trees, and this can also depend upon the choice of genome alignments (48) . To minimize these problems, we used three different methods (least squares, neighbor joining, or maximum likelihood), as many of the clones as possible from each group, and a common genomic alignment spanning ϳ100 kbp of conserved sequence from DVX_058 to DVX_155 (Cop F9L to A24R). To incorporate an additional example of another Lister strain (LIVP), we computationally deleted sequences from a recombinant derivative, GLV-1h68 (49) . The virus designated WR72 was a clone obtained from our stock of VACV strain WR and is of ATCC origin.
The different methods correctly assigned the viruses into related groups (e.g., Dryvax, TianTan, WR, Ankara, Lister, and IHD-W) and produced very similar phylogenetic trees (Fig. 4) . In two of the three assemblies, HPXV mapped separately from all other VACVs, while in the third assembly, it clustered near the first divergence point separating Dryvax clones from other VACVs (although topologically, this is no different from the other two plots if this is an unrooted tree). Broadly speaking, this analysis also identified two VACV subgroups mapping downstream of the HPXV-VACV divergence point. One is an "American cluster," encompassing only Dryvax clones, another comprises mostly European and Asian strains. This makes sense since Dryvax came from a seed stock supplied to the New York City Health Department in 1856 and has likely been passaged in isolation for Ͼ100 years. The exceptions to this division are the WR and IHD-W strains. Like Dryvax, they were also derived from the New York City Board of Health stocks, and why they might not cluster within the Dryvax quasispecies is discussed below. This analysis also clearly identifies the impact of laboratory cloning, which produces very short branch lengths (e.g., TP3/5, IHD-W, and LC16 clones) compared to unpurified stocks that have been passaged in animals (Dryvax and Lister) or eggs (TianTan). By the same token, the branches leading to the Dryvax clones are among the shortest in these trees, suggesting that Dryvax stocks may still retain some features characteristic of the oldest (and/or least-passaged) VACV strains. This analysis supports the hypothesis that a stock of virus sharing features characteristic of both HPXV and VACV lies at the root of these trees. Moreover, the relatively short length of the Dryvax branches, the nearness to the tree's roots, and the detection of HPXV-like sequences in one particular clone (8) suggested that Dryvax may still retain some of the features of this hypothetical common ancestor. To gain further insights into these relationships, we turned to a third method, which uses the TIRs and the TIR boundaries to provide additional insights into VACV evolution.
Three features of the genome structure common to all VACVs. The VACV telomeres comprise the most divergent and distinct features of the different viruses. We performed a BLAST search using ϳ20 kbp of sequence from the left end of HPXV (HPXV_003 to HPXV_020a). This search showed that all other VACVs have lost 10.7 kbp of HPXV-related sequences from within this region (Fig. 5A) . The deletion has a left end that now comprises the left boundary of the HPXV TIR (and that of CPXV as well) and is marked by DVX_009 (Cop B22R), while the right edge is marked by the growth factor gene (DVX_014 [Cop C11R]). DNA containing DVX_010 to DVX_013 replaces sequences in this gap and is present in both VACV TIRs, while HPXV/CPXV retains these sequences only at the right end of the genome. It has been suggested that the VACV telomeres were created by a transposition of these sequences from the right to the left end of an HPXV-like genome (8) . However, since the HPXV TIR still harbors homologs of the genes DVX_001 to DVX_009, it is more likely that the entire region (from DVX_013 to DVX_001 and corresponding to HPXV_196 to the end of the HPXV genome) transposed from the right to the left end of this hypothetical common ancestor. This would have created a new joint site connecting the SPI-1 (DVX_013) and growth factor (DVX_014) genes.
We repeated the BLAST analysis using 24 kbp from the right end of the HPXV genome and encompassing HPXV_194 to HPXV_206 (Fig. 5B) . This analysis detected a 5.5-kbp deletion within HPXV_200 that is shared by many VACVs, although further evolution of the deletion is seen in some strains. For example, TianTan strain TP5 contains the 5.5-kbp deletion, but other TianTan strains contain further expansions and minor rearrangements. These observations suggest that all extant VACV strains are derived from a virus bearing a 5.5-kbp deletion in the right TIR, relative to HPXV. Figure 5B also illustrates a unique feature of Dryvax strains CL3 and DPP25 in that they retain sequences (1.1 kbp) syntenic with HPXV_197 (DVX_214 to DVX_216) and immediately to the left of the 5.5-kbp deletion. All other extant VACVs have lost various amounts of DNA in this region.
These analyses suggest that VACV strains are defined by three unique genetic features, relative to larger orthopoxviruses like HPXV. These features comprise the 10.7-and 5.5-kbp deletions and the translocation of DNA bearing DVX_010 to DVX_013, to create a new joint site connecting the SPI-1 and growth factor genes. If one accepts the hypothesis that larger viruses are probably representative of older strains, a virus with a DPP25-or CL3-like genome might be a representative of this ancestral VACV strain. Although we have not explored the question exhaustively, the origins of HPXV may also be linked back to a CPXV-like virus, assuming that a CPX-GRI-like precursor strain suffered three large deletions.
The right TIR boundary is a defining VACV genetic feature. To a first approximation, all VACVs harbor much the same gene content and gene order, starting with DVX_001 (Cop C23L) and ending near the TIR boundary with DVX_211 (Cop B18R) (Fig. 2  and 3 and Table 3 ), although there are exceptions in the form of idiosyncratic deletions and inversions. In contrast, the length of each VACV TIR differs due to variations in the setting of the right TIR boundary. This not only determines the overall length of the TIRs but also encompasses two additional genes (DVX_212 and DVX_213) and a gene fragment (DVX_214 to DVX_216) that are commonly affected by rearrangements in this region. As we show below, the location of the right TIR boundary is a feature that differentiates and defines different families of VACV. To simplify this comparison, we used DVX notation to unify the gene names and summarize the TIR boundaries in Table 3 .
One way to illustrate this point is to compare the right TIR boundaries of the DPP13, IHD-W, and WR strains. All three viruses are reported to be derived from an NYCBH stock, and yet simple phylogenies do not readily support this history (Fig. 4) . However, all three viruses share the same common 2-kb deletion compared to DPP25 (Table 3 and Fig. 6 ), with the result that the right TIR boundaries in WR, IHD-W0, and DPP13 all terminate at 69% of the length of DVX_213 (Table 3 ). DPP13 and IHD-W1 also share other identical genome features (Fig. 2C) , further supporting a common origin in a DPP13-like clone. WR has clearly also been subjected to extensive additional mutation, as relative to DPP25 and other VACV strains, it encodes another 6.1-kbp deletion of the DVX_013-007 genes from the TIRs, and the gene order between DVX_018 and DVX_014 has been rearranged (Fig. 3) . Presumably, this occurred after the isolation and subsequent propagation of the WR strains.
By this analysis, one can see how the quasispecies that still comprises Dryvax stocks (19) , and which was presumably also a feature of the original NYCBH stock, might give rise to specific viral lineages. For example, viruses resembling DPP13 comprise ϳ40% of the viruses in Dryvax and encode a right TIR boundary that terminates at 69% of the length of DVX_213. A DPP13-like strain was likely the ancestor of not only the WR and IHDW strains but also VACV strain Duke (19) . Alternatively, DPP15-like viruses comprise ϳ50% of Dryvax clones and encode TIR boundaries that terminate at 72% of DVX_212 (Table 3) . These viruses share a right TIR with Acambis 2k-like clones (19) . In contrast to the diversity present in Dryvax/NYCBH-derived strains, all of the Chinese TianTan strains sequenced to date bear a distinctive right TIR boundary that terminates at 76% of DVX_213, on the N-terminal side of DVX_015 (Table 3) .
This kind of analysis also provides insights into other less-wellestablished VACV relationships. For example, Lister strains have the fewest genes immediately adjacent to the right TIR boundary, which is located at 71% of DVX_211 (Table 3) . Lister is a complex virus and harbors two genes, List195 (18) and List196 (50) , that are otherwise found only in VACV USSR and Evans strains (18) . However, GLV-1h68, a recombinant clone isolated from an old Lister stock called LIVP, lacks List195 and List196 (49) , suggesting that this stock may still contain a mixture of viruses. Regardless of
FIG 5
Left and right VACV genome boundaries. NCBI Mega BLAST searches were used to produce the primary alignments, which were then verified by dot plot analyses ( Fig. 2 and 3 the specific relationships, GLV-1h68 shares its right TIR boundary with MVA's parent strain CVA (both terminate at 28% of DVX_213 [ Table 3 ]), which implies that Lister and CVA share an origin.
Biological function of DVX_213. A notable feature of the right TIR boundary is that nearly all VACVs (except for RPXV, DPP25, and CL3) have mutated or lost DVX_213. This is an ankyrin-Fbox-containing protein of unknown function and a homolog of the variola virus (Bangladesh) B18R gene. Moreover, in a previous study, a similar DVX_213-encoding strain, called CL3, was shown to be the most virulent clone among six different Dryvax-derived isolates (51) . We wondered if DVX_213 might be a virulence factor and tested it by inserting a yellow fluorescent protein (YFP)-GTP cassette into the DVX_213 locus in DPP25. The DPP25 and DPP⌬213 strains were then tested for virulence in BALB/c mice by using an intranasal route of infection (Fig. 7) . Although a sufficient dose of virus (10 7 PFU) was used to cause significant morbidity relative to the sham-treated controls, we saw no difference in the degree of illness between the mice inoculated with the DPP25 virus and those inoculated with the DPP⌬213 virus. Thus, at least in mice, we can find no evidence that DVX_213 is a virulence factor and potentially a trait subject to negative selection over the course of VACV propagation and use.
DISCUSSION
In this study, we have used a global comparison of whole-genome sequences to explore the relationships between extant VACV strains. This study confirmed the well-established observations that the central part of the VACV genome is highly conserved between strains and that most of the major diversity is found in the telomeres. More specifically, we observed three distinct features conserved in all VACV strains (relative to HPXV and other larger orthopoxviruses) and showed that the right TIR boundary can serve as a specific marker for differentiating VACV strains.
Integrating these data into a model for VACV evolution is most easily done if one proposes that an early intermediate in VACV evolution resembled DPP25/CL3. DPP25-like viruses now comprise only a small fraction of the four types of virus still found in Dryvax stocks (19) . As defined by the right TIR boundaries, DPP15-like and DPP13-like viruses comprise the majority of these viruses, while the two minor types (resembling DPP25 and DPP17) make up Ͻ1% of the viruses in this stock (19) . Theoretically, all it would take to generate DPP13 from DPP25 would be to delete a 2-kbp fragment encompassing DVX_213 to DVX_216 from DPP25. DPP15 could be produced by a further rearrangement of the right TIR of a DPP25-or DPP13-like virus. We can imagine that a similar process would produce other VACV strains. For example, an RPXV-like virus could be produced by deleting a 3.3-kbp fragment containing DVX_214 to DVX_216 and DVX_013/229 from the right TIR boundary of DPP25, producing a TIR encompassing DVX_012 to DVX_001 (Table 3) , and a related process can be used to explain the origin of strain Copenhagen. Of course, one does find viruses with extended TIRs. For example, DPP15 has the longest TIRs, encompassing DVX_001 to DVX_026. As we noted previously, the formation of this virus could be explained by translocating the DPP25 left telomere (extending up to DVX_026) to the virus right end by illegitimate recombination and, in doing so, connecting it to DVX_212 (19) .
Based on these observations, we suggest that a simple illegitimate recombination model can explain the origins of most VACV strain variants. This model is shown in Fig. 8 , where we show two identical viruses (viruses A and B) in which genes 1, 2, and 3 are duplicated in the telomeres. A large deletion could be produced by recombination between genes 3 and 5 (Fig. 8, scheme 1) . If this were a reciprocal event, it would produce viruses A= and B=, where virus A= lacks gene 4 and virus B=, bearing an unstable gene duplication, would rapidly revert to the parent form. (Of course, such deletions do not have to involve two viruses, but the principles of the scheme for producing all three types of genome rearrangements are most easily illustrated as shown.). If one inverts the relative orientation of the genomes, the same kind of error-prone process can produce large deletions linked to shortened telomeres (Fig. 8, scheme 2 ) and deletions associated with extended telomeres (Fig. 8, scheme 3) . Importantly, the process illustrated in Fig. 8 (scheme 3 ) could explain how a DPP25-like virus could be derived from an HPXV-like ancestor. This would involve deleting HPXV_007 to HPXV_015b (corresponding to genes 4 and 5 in the model) and translocating HPXV_196 to HPXV_199 (DVX_013 to DVX_010; gene 200 in the model) from the right to the left end of the genome, making the TIR longer. An actual example of such a process is illustrated by an analysis of myxoma virus variants. One strain was described where two genes present in the right TIR were translocated onto the left TIR with the creation of a small deletion (52), exactly as predicted by this model.
The origin of VACV strain WR can be explained by using a slight variation on these schemes (Fig. 8, scheme 4) . The WR genome carries DVX_216 followed by DVX_013 and DVX_012 connecting to DVX_018. To produce this arrangement, gene 3 (which corresponds to the genes DVX_013 to DVX_007) is first deleted from the left end but not the right. We then postulate that recombination near virus A= gene 3 and virus B= gene 5 occurs. This used to purify the parent strain (DPP25) and a recombinant virus bearing a deletion of the DVX_213 gene (DPP25⌬213). These viruses were used to inoculate BALB/c mice by the intranasal route using 10 7 PFU per mouse and three (control and DVX25) or five (DPP25⌬213) mice per group. Control mice were sham treated with 10 l of PBS. The body weights were recorded each day over 1 month, and no animals met the requirement (Ͼ70% weight loss) for euthanization. There was no statistical difference between the impacts of the two viruses on animal health.
process would create the appearance of an inversion involving genes 3 to 5 (from DVX_013-12 to DVX_018-014).
The schemes outlined above would tend to erode single-copy sequences lying adjacent to the TIR boundaries, raising questions about what selective pressures might constrain this process. It has been noted that the VACV growth factor gene (DVX_014) is rarely affected by deletions, suggesting that it marks a constrained boundary in the left TIR (48) . At the right end of the VACV genome, one sees that DVX_214-216 has been truncated or deleted in all extant VACVs and that while some VACV genomes retain DVX_214, most TIR boundaries end within DVX_213 (Table 3 and Fig. 9A ). This suggests that these three open reading frames are dispensable. What seems to be critically important is that nearly all viruses, with a few exceptions (e.g., strain Lister), retain DVX_212 (Cop B19R), encoding an interferon alpha/beta receptor homolog (53) . Interferons promote very effective antiviral responses (54), and it is not surprising that most VACVs retain an inhibitory capacity (54) . Thus, the left and right TIR boundaries (i.e., the conserved core) are likely defined by the VACV growth factor gene and the interferon alpha/beta receptor homolog.
There is one last conclusion that can be drawn from this analysis, concerning the origin(s) of VACV. The history of smallpox vaccination does not provide any obvious clues as to whether all modern VACV strains are derived from a single stock of widely shared vaccine or were independently collected by different individuals. However, if one examines the phylogenetic trees shown in Fig. 4 , it is apparent that viruses that should be linked by historical connections (e.g., WR, Dryvax, and IHD-W) map all over the place. Moreover, viruses that have no known historical connections still share a number of common and distinctive deletions (e.g., strains Tashkent and WR share the same 6.1-kbp deletion relative to DPP25). The most obvious way to explain these features parental viruses, although a simple deletion (schemes 1 and 2) could involve just a single virus. We also show these events as being reciprocal, although no evidence supports or refutes this mechanism. The numbers represent genes, some of which are duplicated and present in reverse order in the TIRs. In scheme 1, illegitimate recombination (IR) between nonhomologous sites creates a virus lacking gene 4 (virus A=) and one bearing two copies of the gene. In the absence of selection for the extra copy, virus B= would delete a copy of gene 4 (through homologous recombination [HR] ) and revert to the wild-type state (virus BЉ). Scheme 2 shows shortening of the telomeres through gene deletion. Illegitimate recombination creates a virus bearing a large deletion and a shorter right TIR (virus A=) as well as a virus bearing a copy of gene 200 flanked by duplicated copies of gene 3 (virus B=). As in scheme 1, virus B= would likely revert back to a wild-type state. Note that the two viruses are aligned in opposite orientations to each other in this and subsequent schemes (arrows). Scheme 3 shows a method for producing a virus with a large deletion and an extended telomere. Recombination between genes 199 and 5 produces virus A= (missing gene 200) and a translocation of genes 4 and 5 from the left to the right end of the genome. Virus B= inherits a longer TIR that now includes gene 200. Scheme 4 shows VACV strain WR. VACV strain WR is proposed to have been generated by two events. First, gene 3 was deleted by a process like that shown in scheme 1, and illegitimate recombination between genes 2 and 6 then produced a virus (virus AЉ) exhibiting an inversion involving gene 3. is if all extant VACV strains are derived from one common stock ("X"), a large pool of viruses encapsulating much of the diversity still seen in modern strains (Fig. 9B ). This population lies at the root of the phylogenetic trees mapped in Fig. 4 , and each of the branch points reflects an attempt to computationally illustrate the consequences of sampling different populations of viruses out of a larger pool of viruses. Although WR, Dryvax, and IHD-W all share an origin within the NYCBH stock, the pool that became Dryvax probably represents only a subset of strains within stock X (and NYCBH), and this has partially obscured the links to WR and IHD-W. Similarly, although Lister and its related strains have no immediate history linking them to NYCBH, they could have been originally sampled from the same common pool of viruses as WR and IHD-W, thus creating the apparent relationships. This situation is perhaps not surprising given the way in which VACV strains were shared in the 19th century. Until stocks started being passaged in animals, serial passage through individuals (55) and the sharing of scabs (55) would have created population bottlenecks, sampling randomly and reducing the diversity at each stage. Each subset of viruses would then have evolved in isolation, creating new variants that acquired an idiosyncratic assemblage of SNPs. However, regardless of the drift occurring after "speciation," all of the viruses would still retain a common array of deletions, deletions presumably once scattered among the viruses in stock X. Thus, the structure of extant VACV strains suggests a common origin in a single stock of now widely shared virus. The analysis is based upon a combination of known historical relationships, conserved deletions, and right TIR boundaries. For example, Ankara and GLV-1h68 (a LIVP clone) share the same TIR boundary (where 28% of the N terminus of DVX_213 connects to DVX_019), suggesting that they might be derived from a common older stock. Tashkent also shares a 3.7-kbp deletion with Copenhagen along with three additional large deletions, one of them identical to a deletion in WR. However, since WR is derived from NYCBH, this leads us to assume that this particular deletion was also present in the old NYCBH/European precursor stocks before the NYCBH strain was transported from Europe in 1865 and isolated from Tashkent. This might account for its survival in WR and Tashkent, even though these two viruses share no known historical relationship. In contrast, one can find no shared, and yet still distinctive, features linking RPXV or TianTan to other particular VACV strains (see the text for additional discussion).
